Introduction
The term neuronal plasticity normally encompasses the ability of the nervous system to learn from experience and remember things, to adapt to change, and to recover from injury. It is believed that all these processes ultimately depend on the appropriate modification and regulation of individual synapses and synaptic networks; thus, the term synaptic plasticity is often used, although the changes involved are almost certainly not restricted to the synaptic region of neurons (and indeed may also involve nonneuronal cells). In the adult nervous system the changes in synapses can occur at two levels. At a structural ("coarse") level, new synaptic connections can be formed either in response to injury or as part of a cyclic turnover that is occurring continually (Carlin and Siekevitz, 1983; Cotman and Nieto-Sampedro, 1984; Dyson and Jones, 1984) . At a "fine" level, plasticity involves local modulation of a fixed number of synapses by presynaptic and/or postsynaptic mechanisms that alter synaptic properties, producing a change in the efficacy of the synapses.
The Postsynaptic Density: A Key Regulator of Synaptic Properties
One postsynaptic structure that has been suggested as having a role in altering synaptic function at the "fine" level is the PSD. The PSD is a protein-rich specialization on the cytoplasmic surface of the postsynaptic junctional membrane at most synapses, irrespective of neurotransmitter type (Fig. 1) . The PSD has been much studied morphologically since it is easy to identify by electron microscopy and can be selectively stained (Bloom and Aghajanian, 1966) . It can also be isolated and purified in high yield by subcellular fractionation techniques, thus allowing extensive biochemical analysis (Cotman and Kelly, 1980; Gurd, 1982) . The PSD is mostly composed of cytoskeletal proteins (Cotman and Kelly, 1980; Gurd, 1982; Rostas et al., 1986; Sedman et al., 1986) , is contiguous with the postsynaptic cytoskeletal matrix, and may develop as a specialization of it (Gulley and Reese, 1981) .
The molecular composition of subcellular fractions enriched in PSDs is remarkably constant between different species and between different regions of forebrain (Rostas et al., 1979; NietoSampedro et al., 1982) . In adult cerebral cortex, the major protein component of the thick PSDs associated with excitatory synapses is a form of the o~ subunit of the enzyme CaM-PK II. This enzyme can account for as much as 40% of the mass of detergent-extracted PSDs (Rostas and Dunkley, 1992) . The PSD also appears to be tightly bound to protein components of the postsynaptic membrane, many of which, including neurotransmitter receptors and ion channels (Matus et al., 1981; Carlin and Siekevitz, 1984; Fagg and Matus, 1984; Wu et al., 1985; 1986a,b) , protrude into the synaptic cleft (Gurd, 1989 The many events involved in normal synaptogenesis can be divided into at least two broad phases: synapse formation and synapse maturation* (Fig. 3) . Synapse formation encompasses the compK events that eventually convert a growing neur~te into a neuronal process making contact with another cell via a differentiated structure that looks and functions like a synapse. During this phase, there is a net increase in the number of synapses, which is produced in a tissue environment different from that usually found in adult brain. By contrast, synapse maturation encompasses the perhaps (relatively) simpler set of events thatmodify the existing synaptic networks, changing their immature properties to mature ones. This phase produces no net increase in the number of synapses (in some systems it may produce a net decrease) and occurs within functional networks of neurons in a tissue environment similar to that in the adult. Therefore, all the changes in the m a t u r a t i o n phase are potentially enhanceable or reversible and those that result in a functional change in the properties of the synaptic networks may be similar or identical to the changes responsible for plasticity in the adult. Thus, the maturation phase of normal brain development can be used as an experimental model system for the identification and study of mechanisms responsible for synaptic plasticity.
Because synapses in brain develop asynchronously, studies of the maturation process require a system in which the maturation phase is long relative to the formation phase so that developmental changes can be unambiguously ascribed *Despite the fact that the names of both phases specificaUy refer to the synapse, both phases involve changes occurring throughout the neuron. to either phase. Figure 4 shows that the developing chicken forebrain is such a system, whereas the developing rat forebrain is not.
The marker for synapse formation in Fig. 4 is the increase in the concentration of Thy-1, an abundant and developmentally regulated cellsurface glycoprotein. Thy-1 is not preferentially localized to synaptic membranes (although it is present there), but its level of expression by neurons increases greatly after they have established synaptic contacts, and therefore, brain levels correlate with synapse formation in a number of systems (Barclay, 1979; Morris, 1985; Sinclair et al., 1987) . Developmental increases in the levels of synaptophysin (P. L. Jeffrey, personal communication) or synapsin I (Weinberger, Brent, and Rostas, in preparation) , two well-accepted markers for synapses, define the same period of development as being the synapse formation phase. In the case of the two markers for synapse maturation shown In Fig. 4 (the thickness of the PSD and the concentration of cz-CaM-PK II in the PSD), and also for all other developmental changes that we have measured in both chicken and rat brain (reviewed in Rostas, 1991) , the same changes occur in both species but with a different timecourse. Thus, by making measurements at appropriate ages (e.g., 2, 8, 21 d, and adult) it is possible in the chicken to ascribe developmental changes either to the formation phase or to the maturation phase. However, this is not possible in the rat because although the same maturation changes occur, they occur so rapidly in the rat that the two phases almost completely overlap.
Structural Changes in Postsynaptlc Densities During Maturation
The proposal that maturation is a distinct phase of synaptic development was initially based on biochemical and morphological studies of PSDs in developing forebrain. The first suggestion came from studies in rat brain, which showed that the most rapid increase in the PSD content of o~-CaM-PK II (then known simply as the major PSD protein) occurred in the third postnatal week (Fu at a defined time. One way of doing this is to use developing nervous tissue specifically during the maturation phase of development.
The Synapse Maturation Phase of Development: A Model for Synaptic Plasticity
The many events involved in normal synaptogenesis can be divided into at least two broad phases: synapse formation and synapse maturation* (Fig. 3) . Synapse formation encompasses the compK events that eventually convert a growing neur~te into a neuronal process making contact with another cell via a differentiated structure that looks and functions like a synapse. During this phase, there is a net increase in the number of synapses, which is produced in a tissue environment different from that usually found in adult brain. By contrast, synapse maturation encompasses the perhaps (relatively) simpler set of events thatmodify the existing synaptic networks, changing their immature properties to mature ones. This phase produces no net increase in the number of synapses (in some systems it may produce a net decrease) and occurs within functional networks of neurons in a tissue environment similar to that in the adult. Therefore, all the changes in the maturation phase are potentially enhanceable or reversible and those that result in a functional change in the properties of the synaptic networks may be similar or identical to the changes responsible for plasticity in the adult. Thus, the maturation phase of normal brain development can be used as an experimental model system for the identification and study of mechanisms responsible for synaptic plasticity.
Structural Changes in Postsynaptlc Densities During Maturation
The proposal that maturation is a distinct phase of synaptic development was initially based on biochemical and morphological studies of PSDs in developing forebrain. The first suggestion came from studies in rat brain, which showed that the most rapid increase in the PSD content of o~-CaM-PK II (then known simply as the major PSD protein) occurred in the third postnatal week (Fu Fig. 3 . Schematic representation of the synapse formation and synapse maturation phases of synaptogenesis. See text for details. From Rostas (1991) . Fig. 4 . Comparison of the timecourse of the synapse formation and synapse maturation phases of neuronal development in chicken and rat forebrain. The upper part of the figure shows experimental results obtained for the increase in the expression of Thy-1 (a marker for synapse formation) and the mean thickness of PSDs and the c~-CaM-PK II content of PSDs (markers for synapse maturation). The lower part of the figure shows a schematic representation of synapse formation and synapse maturation in chicken and rat: The length and position of the shapes show the period during which the phases occur and the width of the shape indicates how rapidly the changes are occurring during the phase. Thy-1 concentration in brain (small filled circles): Jeffrey, Greig and Rostas, unpublished (chicken); Barclay (1979) (rat). PSD thickness (large speckled circles): Rostas et al. (1984) ; Rostas and Guldner, unpublished (chicken) ; Markus et al. (1987) (rat). s-CaM-PK II concentration in the PSD (speckled squares): measured by autophosphorylation in chicken (Rostas et al., 1987) and protein stain in isolated synaptic junction fractions from rat forebrain . From Rostas (1991 Rostas ( ). et al., 1981 Kelly and Cotman,1981; Kelly and Vernon, 1985; Weinberger and Rostas, 1986) . Since the most rapid rate of synapse formation occurred in the second postnatal week, the increase in c~-CaM-PK II was interpreted as a maturation of the synapses that had formed previously. However, there is a considerable variation in PSD thickness (Colonnier, 1968) and c~-CaM-PK II concentration (Walaas et al., 1983a,b; Ouimet et al., 1984; Erondu and Kennedy, 1985) from region to region in brain. Also, neurons establish synapses at slightly different times and rates (Heath et al., 1992) in each region, and synapse formation in the rat forebrain as a whole is not complete until about postnatal day 30 (Aghajanian and Bloom, 1967; Wolff, 1976 Wolff, ,1978 Blue and Parnavelas, 1983; Markus et al., 1987) , by which time both PSD morphology (Markus et al., 1987) and o~-CaM-PK II concentration ) are also mature. Hence, differential rates of development of the neurons with thick and thin PSDs would also have been able to explain the data. Clear evidence that synapse maturation is indeed a separate phase of neuronal development came with the observation that in chicken forebrain, the changes in PSD morphology and protein composition occurred over a protracted period (3-10 wk posthatch) well after synapse formation was complete (approx 2 wk posthatch) (Rostas et al., 1984; Weinberger and Rostas, 1988) . Table 1 shows the developmental changes in the morphology of the mixed populations of synapses from chicken and rat forebrain. In both cases, the pattern of developmental change is the same: There is an increase in the mean thickness of the PSDs but no change in their mean length.* *The similarity between the two species, both in terms of the developmental pattern of change and in the absolute size of the PSDs, is noteworflly since the two studies used vastly different methodology. Rostas et al. (1984) measured PSDs that were still attached to synaptosomes after isolation, whereas Markus et al. (1987) However, the change is much more protracted in the chicken than in the rat. Since the duration of the synapse formation phase is very similar in the two species, the difference in the rate of maturation of PSD morphology is attributable to a selective delay in onset of the maturation phase and a protraction of its duration.
Two major questions arise from these data. First, do synapses of all types show the same structural changes during maturation? Second, what is the basis for the difference between the rates of maturation in the chicken and rat forebrain? At least two hypotheses canbe considered. It may be that the rate of synaptic maturation is both characteristic of the species and relatively constant throughout its nervous system. Alternatively, synapses in different parts of the nervous system may mature at different rates, perhaps depending on the inherent plasticity of the synapses and/or the particular endogenous o r exogenous influences to which they are susceptible. In the latter case, the increased complexity, and perhaps plastidty, of the mammalian cerebral cortex may increase the range of maturation rates among the synapses, and thus, obscure changes occurring at individual synapses when population average data is collected. To distinguish between these two hypotheses, we undertook a morphometric analysis of synaptic maturation in a single defined population of synapses. For these studies (Heath et al., 1992;  in press), we chose the preganglionic synapses of the superior cervical ganglion (SCG) because the development of this ganglion in rats has been well-studied. Table 2 shows that between 10 d and 4 wk, when the number of synapses in the SCG is increasing (Smolen, 1981) , the mean thickness of the PSD increased (p = 0.017) but the mean length of the PSD did not change. However, between 4 wk and adult, when the number of synapses does not change and the target organ innervation appears to be already mature (Snider, 1986) , there was a large increase in mean PSD length (p = 0.001), with no change in mean PSD thickness (Table 2) . Furthermore, the developmental change in the morphology of preganglionic synapses in the chicken SCG showed the same pattern (Table 2) . Thus, it appears that the morphological features of maturation are characteristic of a synaptic type but that the rate at which these changes occur can vary between types of synapse within one animal and between synapses of the same type in different species. The functional significance of an increase in PSD length compared with an increase in PSD thickness is not known, but the following hypothesis is consistent with the currently available data. An increase in PSD profile length represents an increase in the area of synaptic contact. This may result in a more efficient synapse if we assume that the number of neurotransmitter receptors in
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the postsynaptic junctional membrane is proportional to the area of the contact zone. In at least one case (Horn et al., 1985; McCabe and Horn, 1988) , the imprinting-induced increase in the length of PSDs in the left intermediate medial hyperstriatum ventrale (IMHV) of the chick forebrain was accompanied by what appeared to be a corresponding increase in the number of NMDA receptors. By contrast, an increase in PSD thickness with no change in length may imply a change in the degree and/or type of regulation exerted by the PSD with no change in the number of receptors or other components of the postsynaptic membrane that are regulated by the PSD.
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Functional Changes in Glutamate Receptors During Maturation
To test the hypothesis about the functional effects of changes in the PSD, we measured properties of receptors associated with the PSDs whose thickness increased during maturation without any change in length. Since the morphological measurements were performed with whole forebrain, we chose an abundant and widespread receptor associated with thick PSDs in the adult: The receptors for glutamic acid, the most abundant excitatory transmitter in the brain and in particular, the NMDA-stimulated subtype that is known to be highly concentrated over thick PSDs (Monaghan and Cotman, 1986) .
The number of NMDA receptors was determined using MK-801, a high-affinity, noncompetitive NMDA antagonist that binds to the ion channel associated with the NMDA receptor (Wong et al., 1986) . Standard quantitative binding techniques were used on well washed membranes from immahlre (11 d) chicken forebrain at the end of the synapse formation phase and from mature (8 wk) chicken forebrain (Kavanagh et al., 1992a) . Table 3 summarizes the main results.
The characteristics of MK-801 binding to membranes from chicken forebrain were similar to those described for membranes from mammalian cerebral cortex. Both the density (B,,~) and affinity (K~) of MK-801 binding were similar, and the optimum concentration of glutamate required for stimulation of MK-801 binding was identical to those in previous reports on mammalian brain (Foster and Wong, 1987; Ramsom and Stec, 1988) . In particular, there was no significant difference between the characteristics of MK-801 binding to membranes from immature and mature forebrain (Table 3) . Evidence for a low-affinity binding site was found in two out of four immature and three out of four mature brain membrane preparations, but this site did not appear to change its binding characteristics either. Thus, it appears that the number of NMDA receptors does not change during the maturation period in chicken forebrain when the PSDs over which they are concentrated are increasing their thickness but not their length.
For the initial investigations of receptor function, we measured receptor-mediated increases in Ca 2 § uptake into cells, since the ion channel associated with the NMDA receptor admits Ca 2 § directly (MacDermott et al., 1986) and, in adult mammalian brain at least, most of the NMDAstimulated Ca 2 § influx occurs via the NMDA receptor (Riveros and Orrego, 1986) rather than via nearby voltage-sensitive calcium channels (VSCCs). The experiments were carried out at 30~ (rather than at 42~ which is normal body temperature for a chicken) in order to slow the rate of Ca 2 § flux across cell membranes. Brain prisms (250 x 250 ~tm) were prepared from chicken forebrain using a McIlwain tissue chopper. These prisms provided a source of brain tissue in which the neuronal circuitry and cellular interactions were still partly intact and, in particular, the postsynaptic compartment is intact. In addition, this method provided a random sampling of tissue from different regions of the forebrain to give results that could be related to previous studies on synapses isolated from forebrain homogenates. When prepared under optimum conditions, these prisms remained viable and highly active metabolically for several hours. Basal 45Ca2+ uptake did not change during maturation and, at all ages, the degree of stimulation of 45Ca2+ uptake in the prisms depended on the degree of depolarization produced (Kavanagh, Powis, and Rostas, in preparation) .
In prisms from adult brain, the level of 4SCa2+ uptake stimulated by NMDA (1 mM) reached maximal levels by 4 min and was maintained for at least 10 rain (Fig. 5) . In the prisms from the forebrains of chickens that are immature but have finished the synapse formation period, the rate of 4SCa2 § uptake was slower, although the degree of stimulation was the same after about 10 min (Fig. 5) . The rate of 45Ca2 § uptake in 21-25 d old chickens was not significantly different to that at 8-15 d, and by 8 wk posthatch, the rate of uptake was the same as that in adults. Therefore, the change in NMDA-stimulated 4SCa2 § uptake correlates temporally with the increase in thickness of the PSD. In control experiments, the NMDA stimulation of 45Ca2+ uptake was totally blocked by MK-801 (1 laM) or CPP (1 mM) at all ages, indicating that virtually all the NMDA-stimulated 45Ca2+ uptake was initiated by activation of NMDA receptors (Kavanagh et al., 1992a,b) . We have also s h o w n that a selective toxicity of N M D A on immature neurons cannot explain these results since preincubating with 1 mM N M D A for 5 m i n p r i o r to m e a s u r i n g 45Ca2+ uptake did not change the NMDA-stimulated 45Ca2+ uptake on a second exposure, and the same degree of stimulation was observed with 50 or 2.5 mM NMDA.
To investigate the behavior of the other glutamate receptors, we measured 45Ca2+ uptake in prisms after stimulation with agonists selective for the two other major ionotropic receptor subtypes for glutamate: kainic acid (KA) and (RS)-~-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA). In these experiments, the interpretation of the results is less clear for three reasons. First, both the KA and AMPA receptors stimulate 45Ca2 § uptake by depolarizing cells and opening VSCCs rather than admitting 45Ca2 § directly. Second, although both KA and AMPA receptors are present over PSDs, these receptors have a much wider distribution within neurons (and in some cases, within glia) than NMDA receptors. Finally, at the concentrations required for maximal stimulation, some toxic effects of these agonists are evident in these prisms. With these caveats in mind, the results obtained with KA-and AMPA-stimulated 4SCa2+ uptake are shown in Fig. 6 and compared with the stimulation obtained with NMDA and glutamate at the same time point (5 min).
With both KA and AMPA, the rate of 4SCa2+ uptake was much faster than with NMDA so that maximal levels of 45Ca2+ uptake already had been reached by 2.5 min at 30~ (not shown). Further- Fig. 6 . Comparison of the effect of I mM NMDA, KA and AMPA and 2.5 mM glutamate (GLU) on the 45Ca2+ uptake into immature and mature brain prisms measured 5 min after adding the agonist. Values are mean +SEM. For NMDA, KA, AMPA, and GLU, respectively, n = 7, 3, 3, and 4 for immature and n = 8, 6, 6, and 4 for mature brain. All comparisons of the results between immature and mature brain were significantly different (Student's t-test) at p < 0.05 except for GLU, which was not significantly different. [] = immature; 9 = mature. more, the change during maturation was In the opposite direction. The level of 45Ca2+ uptake reached In the adult was much lower than that in the immature brain prisms, suggesting that there is a decrease in the number of receptors or associated VSCCs, but whether these changes are at postsynaptic junctional sites or elsewhere in the brain is not known. When the natural agonist at all these receptors, glutamic acid, was used there was no difference in the amount or rate of~Ca 2+ uptake as measured by these techniques (Fig. 6) . Although the opposing developmental changes of the different receptor types apparently cancel each other out in terms of their effect on the net uptake of ~Ca 2+ into the prisms, this may not be so at the level of a single neuron or postsynaptic element. If reciprocal changes did occur at a single postsynaptic site, they could have profound effects on synaptic plasticity. For example, NMDA and non-NMDA receptors have different roles in the induction and maintenance of longterm potentiation (Collingridge and Singer, 1990 ).
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Mechanisms Responsible for the Change in the NMDA Receptor Function
Insofar as the binding characteristics of MK-801 did not change during the ma~ration period, it is unlikely that the number of NMDA receptors would vary greatly~ However, the agonistbinding characteristics may change due to, for example, a change in subunit composition, such as has been observed for glutamate receptors in some areas of rat brain (Sommer et al., 1990 ) and the nicotinic acetylcholine receptor in muscle during development (Mishina et al., 1986) . Alternatively, there may be a change in the number or type of VSCCs recruited or in second messenger-linked events that are triggered by the activation of NMDA receptors. Finally, the change could be brought about by differential regulation of the same number of NMDA receptors of the same type. In this last case, the PSD or one of its components would be an obvious candidate for the role of regulator.
During development in general, and the maturation phase in particular, there is a progressive increase in the number of CaM-PK II molecules associated with PSDs (Sedman et al., 1986; Weinberger and Rostas, 1988; Rostas, 1991) . Since there is no other major change in the protein composition of the PSD occurring during this period, the enzyme CaM-PK II may be involved. CaM-PK II is unusual in that despite the great abundance of this enzyme, its phosphorylation of endogenous substrates (at least in vitro) appears to be enzyme-limited rather than substratelimited (Weinberger and Rostas, 1988; Koszka et al., 1991; Rostas, 1991; Rostas and Dunkley, 1992) . Therefore, this focal increase in the concentration of CaM-PK II may lead to a change in the phosphorylation of the receptors or of some other PSD protein that changes the Interaction between the receptors and the PSD. Alternatively, the binding of more molecules of CaM-PK I! may alter the allosteric interactions between PSD proteins and receptors, and this enzyme might induce changes by a nonenzymatic mechanism in this structure where the abundance of CaM-PK II q~alifies it for the title of structural protein Rostas and Dunkley, 1992) . It remains to be seen whether these observations of the changes in the functional properties of NMDA receptors in maturing chicken brain lead to a better understanding of the functional roles of the PSD in general and CaM-PK II in particular.
Conclusion
Understanding the mechanisms underlying synaptic plasticity will provide insights into the adaptive and cognitive capacities of the nervous system. It may also lead to rational strategies for maximizing the capacity of the nervous system to recover from injury, or to slow the rate of functional deterioration in degenerative disorders by stimulating the capacity of the remaining cells to compensate for the loss. Research in this important area has led to the development of a number of experimental model systems in which to study various aspects of synaptic plasticity. In the maturing chicken forebrain, we have identified and characterized an unusual model system that offers several advantages for the study of molecular mechanisms involved in synaptic plasticity. We have used this model to show that morphological changes occur in PSDs which are directly correlated with the amount of CaM-PK II associated with them, that the type of morphological change is characteristic of a synaptic type, and that the rate of change can vary between synaptic types. We have also investigated the changes in the functional response to glutamate receptor stimulation in forebrain and we have shown that the changes in the NMDA receptor response occur without any apparent change in NMDA receptor number, suggesting that an altered regulation of this receptor is involved. The maturing chicken forebrain provides an ideal model system in which to investigate the proposed causal link between PSD morphology and CaM-PK II content on the one hand and the functional properties of the NMDA receptor on the other. If this causal relationship can be established, it will provide the first piece of direct evidence for the role of the PSD in synaptic plasticity and will identify another way in which the properties of the NMDA receptor can be modulated.
